Abstract Antipsychotic drugs (APs) are of great benefit in several psychiatric disorders, but they can be associated with various adverse effects, including seizures. To investigate the effects of chronic antipsychotic treatment on seizure susceptibility in genetically epilepsy-prone rats, some APs were administered for 7 weeks, and seizure susceptibility (audiogenic seizures) was evaluated once a week during treatment and for 5 weeks after drug withdrawal. Furthermore, acute and subchronic (5-day treatment) effects were also measured. Rats received haloperidol (0.2-1.0 mg/kg), clozapine (1-5 mg/kg), risperidone (0.03-0.50 mg/kg), quetiapine (2-10 mg/kg), aripriprazole (0.2-1.0 mg/kg), and olanzapine (0.13-0.66 mg/kg), and tested according to treatment duration. Acute administration of APs had no effect on seizures, whereas, after regular treatment, aripiprazole reduced seizure severity; haloperidol had no effects and all other APs increased seizure severity. In chronically treated rats, clozapine showed the most marked proconvulsant effects, followed by risperidone and olanzapine. Quetiapine and haloperidol had only modest effects, and aripiprazole was anticonvulsant. Finally, the proconvulsant effects lasted at least 2-3 weeks after treatment suspension; for aripiprazole, a proconvulsant rebound effect was observed. Taken together, these results indicate and confirm that APs might have the potential to increase the severity of audiogenic seizures but that aripiprazole may exert anticonvulsant effects. The use of APs in patients, particularly in patients with epilepsy, should be monitored for seizure occurrence, including during the time after cessation of therapy. Further studies will determine whether aripiprazole really has a potential as an anticonvulsant drug and might also be clinically relevant for epileptic patients with psychiatric comorbidities.
Introduction
Antipsychotic drugs (APs) can be of great benefit in several psychiatric disorders, including schizophrenia and bipolar disorder, although they are all associated with different adverse effects such as oversedation, neuroleptic malignant syndrome, extrapyramidal symptoms, tardive dyskinesia, anticholinergic symptoms, and seizures [1] [2] [3] [4] [5] [6] . Most neuroleptics can lower seizure threshold and increase the chance of seizure occurrence [3, [7] [8] [9] . Furthermore, a strong link exists between epilepsy and psychiatric disorders; it is known that such comorbidity exists; many epileptic patients have psychiatric disorders; and, conversely, depressed patients have a higher risk of becoming epileptic [10] [11] [12] [13] [14] .
Chlorpromazine, a first-generation AP, appears to be associated with the greatest risk of seizure induction; in contrast, haloperidol, fluphenazine, pimozide, and trifluoperazine are associated with a lower risk of seizures. Clozapine and olanzapine are the second-generation antipsychotics most frequently associated with seizures, while risperidone appears to have a relatively low seizure induction risk [9] . Previous reports indicated that, among the conventional APs, the clinical incidence of seizures during treatment with chlorpromazine was 1.25 % (10/800 patients) [15] , whereas haloperidol rarely induces clinical seizure [16] . Furthermore, the clinical incidence of seizures during treatment with atypical APs was 2.89 % (41/1418 patients) for clozapine, 2.34 % (28/1196 patients) for zotepine, 0.88 % (22/2500 patients) for olanzapine, 0.75 % (18/2387 patients) for quetiapine, and 0.35 % (9/2607 patients) for risperidone [3, [7] [8] [9] . However, the above data are largely based on studies that were not adequately controlled [3, 7-9, 15, 16] .
Some years ago, Kumlien and Lundberg [17] have surveyed reports of suspected seizures from 1968 to February 2006 and have reported cases of adverse drug reactions for each psychotropic drug. Of a total of 71,471 convulsive events, the APs most frequently associated with convulsive adverse drug reactions were clozapine (9.00 %), chlorprothiexene (8.89 %), and quetiapine (5.90 %). However, fluphenazine, haloperidol, pimozide, and risperidone exhibited a relatively low risk [17, 18] .
Chronic treatment with clozapine has been shown to induce epileptic seizures consistent with kindling in rats [19] . Also, antipsychotic treatments during ethanol withdrawal may worsen audiogenic seizures, whereas risperidone, quetiapine, and ziprasidone are effective on audiogenic seizures during ethanol withdrawal syndrome [20] . Neither clozapine nor olanzapine treatments affected the incidence and the latency of audiogenic seizures in ethanol-dependent rats [21, 22] . Recently, we have reported that aripiprazole, a new atypical AP, was able to reduce absence seizures with positive modulatory actions on depression and anxiety in WAG/Rij rats, an animal model of epilepsy and depression comorbidity [23] .
Genetically epilepsy-prone rats (GEPRs) represent an established animal model to study the pathophysiology of seizures and to screen potential new antiepileptic drugs [24] [25] [26] [27] [28] [29] [30] [31] . In this strain, epilepsy is genetically determined, even though the exact mechanisms underlying the development of the disorder remain incompletely understood [24, 27] . A nonspecific propensity for generalized seizures, regardless of the eliciting stimuli, enhances the value of this strain of rats as a model in the study of gene-linked generalized epilepsy. GEPRs are a useful model of convulsive epilepsy; the rats exhibit generalized tonic-clonic seizures in response to certain stimuli (i.e., sound and hyperthermia), with a lower threshold and more intense seizure response to a given stimulus (i.e., electrical or chemical) than other strains [24, 26, 30, 32] . Various neurotransmitters have been involved in the genesis of seizures in this animal model, and particular attention has been focused on both gamma-aminobutyric acid (GABA) and glutamate [24, 33, 34] . Additionally, drugs decreasing noradrenergic or serotonergic transmission increase convulsion intensity in GEPRs, while drugs increasing serotonergic or noradrenergic function decrease convulsion intensity [27, [35] [36] [37] . Finally, noradrenergic deficiencies exist in GEPRs that have experienced multiple sound-induced seizures, as well as in GEPRs that have been protected from seizureprovoking stimuli [27, 38] .
There is a lack of information about the effects of the exposure of chronic APs on genetic animal models of epilepsy. The aim of the present study was to investigate and compare possible AP-induced alterations in the development of seizure susceptibility in a genetic rat model of audiogenic (convulsive) seizures (GEPRs).
Methods

Animals
GEPRs, a strain derived from Sprague-Dawley (SD) rats, were selected in our breeding stock (Pharmacology Unit, Department of Health Sciences, University of Catanzaro, Italy) from a colony originally supplied by Professor B.S. Meldrum (University of London, UK). SD rats of 1 month of age were purchased from Harlan Italy (Correzzana, Milan, Italy). In order to select the rats for experiments, only male GEPRs were tested 3 times at weekly intervals between 6 and 8 weeks of age, and only animals that showed a stage 2-3 (GEPR-3s) or 8-9 (GEPR-9s) audiogenic seizure in all 3 exposures to sound stimulation were divided into respective groups and used for these experiments (for details, see the audiogenic stimulation protocol paragraph and Table 1 ) [39] . The GEPRs that showed no audiogenic seizures in all 3 exposures to sound stimulation were considered as group GEPR-0. In addition, SD rats were tested 3 times at weekly intervals between 6 and 8 weeks of age in order to exclude responsive animals.
Only male rats of all strains and subgroups were used and housed 3 or 4 per cage under stable conditions of humidity (60 ±5 %) and temperature (21±2°C), and were kept under a reversed light/dark (12/12 h) cycle (light on at 19:00). The latter were given free access to food (Harlan Teklad rodent diet) and tap water until the time of experiments. Each experimental group in this protocol included 8 rats. Procedures involving animals and their care were conducted in conformity with the international and national law and policies (European Union Directive 2010/63/EU for animal experiments; Animal Research: Reporting of In Vivo Experiments guidelines; and the Basel declaration, including the 3R concept). All efforts were made to minimize animal suffering and to reduce the number of animals used.
Acute Treatment Procedure
For intraperitoneal (i.p.) administration, haloperidol and clozapine (Sigma-Aldrich, Milan, Italy), risperidone (Janssen Cilag, Milan, Italy), quetiapine (Astra Zeneca, Milan, Italy), and (Abilify, Otsuka Pharmaceutical Italy S.r.l., Milan, Italy) were dissolved in 0.1 % acetic acid, while olanzapine (Eli Lilly, Florence, Italy) and ketotifen fumarate (Biofutura Farmaceutica, Rome, Italy) were dissolved in sterile saline. Haloperidol (0.2 and 1.0 mg/kg), clozapine (1 and 5 mg/kg), risperidone (0.03, 0.13, and 0.50 mg/kg), quetiapine (2 and 10 mg/kg), aripiprazole (0.2, 0.5, and 1.0 mg/kg), olanzapine (0.13 and 0.66 mg/kg), and ketotifen fumarate (3 mg/kg) were injected i.p. for acute treatment at a volume of 1 ml/kg body weight. Control animals received equivalent volumes of vehicle at the respective times before the test. Rats were always tested 30 min after drugs or vehicle administration (see Table 1 for experimental scheme). Doses of the drugs were selected from our preliminary experiments and previous studies [20, [40] [41] [42] . As higher doses of most of antipsychotics and other drugs used in our preliminary studies and in previous reports caused sedation and/or impairment of motor coordination [43] , such doses were not used.
Chronic and Sub-chronic Treatment Procedure
For chronic or subchronic treatment, all drugs were orally administered at the doses above described (see "Acute Treatment Procedure" section) dissolving adequate samples of each drug in 120 ml of drinking water (e.g., clozapine 1 mg/kg: 1 mg in 120 ml of water). Dosage was calculated on the basis of the knowledge that rats drink, on average, 10-12 ml/100 g/day; the volume drunk was also checked weekly [44] . Drug solutions were freshly prepared, replaced 2 or 3 times a week, and bottles were wrapped in silver foil to exclude light [45, 46] .
Chronic drug treatment protocol
Rats (n=8 animals for each group and each dose) started treatment at~P70 (10 weeks of age) and were kept on the drug for 7 additional weeks; treatment was then stopped and animals were normally housed for 5 more weeks in order to evaluate possible withdrawal effects.
For subchronic treatment
All animals (n=8 per group) received orally administered drug for 5 consecutive days at the same doses used for chronic treatment and tested 30 min after the last administration. Control animals (n=8) were kept under standard conditions and tested in the same time window of the corresponding treated groups (see Table 1 for experimental scheme). During this period, animals were weighed weekly every Monday between 9:00 and 11:00. Furthermore, particular attention was paid to the possible appearance of any obvious drug induced side-effects [47] .
Audiogenic Stimulation Protocol
At 10 weeks of age, rats of every GEPRs subgroup (GEPR-0s, GEPR-3s, and GEPR-9s) were randomly assigned to a single drug dose (n=8 for each dose). Similarly, SD rats were assigned to each drug. Rats were then weekly tested for Rats started oral treatment at~P70 (10 weeks of age) and were kept on drug for 7 additional weeks; drug treatment was then suspended Rats were tested for audiogenic seizures every week during the 7 weeks of treatment and for 5 more weeks after drug suspension in order to measure also withdrawal effects Drugs used were tested at the following doses:
haloperidol ( All drugs at all doses were tested in all experimental paradigms with 8 animals in every drug/dose group plus a vehicle control group for every rat strain/ substrain audiogenic seizures by exposing them to a mixed frequency sound of 12-16 kHz, 109 dB intensity under a hemispheric Plexiglas dome (diameter of 58 cm). Individual animals were placed into the dome box for habituation at least 2 min before sound stimulation. Auditory stimulation was applied for 1 min. A full seizure response consisted of 1 or 2 running phases, followed by a convulsion (clonus of forelimbs, hindlimbs, head, pinnae, vibrissae, and tail) and tonic extension to give a score of 9 [48] . In particular, the audiogenic seizure response was assessed on the following scale, as previously described [27, 39] : 0=no response; 1=running only; 2=2 running phases, followed by a clonic convulsion (clonus of forelimbs, hindlimbs, head, pinnae, vibrissae, and tail); 3=1 running phase, followed by a clonic convulsion (clonus of forelimbs, hindlimbs, head, pinnae, vibrissae, and tail); 4=2 running phases followed by tonus of neck, trunk, and forelimb, and hindlimb clonus; 5= 1 running phase followed by tonus of neck, trunk, and forelimb, and hindlimb clonus; 6=2 running phases followed by nearly complete tonic extension except hindfeet; 7 = 1 running phase followed by nearly complete tonic extension except hindfeet; 8=2 running phases followed by complete tonic extension; and 9=1 running phase followed by complete tonic extension. The maximum response was recorded for each animal.
Statistical Analysis
All statistical procedures were performed using SPSS 15.0.0 (IBM, Armonk, NY, USA). Comparison between acutely injected and subchronically treated groups of rats was accomplished using one-way analysis of variance followed by Dunnett's post hoc analysis comparing every drug dose group with its own control rat group; for example clozapine (1 mg/kg) GEPR-3s group versus control GEPR-3s group. Data from chronic treatments were first grouped by strain subgroups (i.e., SD, GEPR-0s, GEPR-3s, and GEPR-9s) and then divided by week of treatment. Such divided data were then compared by one-way analysis of variance followed by Tukey's post hoc test being treatment the only variable. For each GEPR, maximum response to auditory stimuli was recorded. A p-value≤0.05 was considered significant for every test. Considering that a large number of comparisons might, in theory, engender false positive results (type 1 errors) in pharmacological research, we have reduced, at the minimum, the number of comparisons in our statistics. Furthermore, it is unlikely that false positive results are reported in our study for 2 reasons: 1) we use a relatively small sample size of mice-a situation that minimizes the occurrence of false positive findings (it is well known that p-value associated with a fixed effect is reduced as the sample size increases and vice versa); 2) the biological plausibility and the statistical consistency of study results [49] .
Results
Effects of Acute Intraperitoneal Administration of Antipsychotic Drugs on Audiogenic Seizures
In order to evaluate the possible effects of acute administration of APs on audiogenic seizures in GEPRs, we used 3 subgroups of rats: the first group had no seizures (GEPR-0); the second group manifested the clonic component only (GEPR-3); and the third group comprised rats who had a full seizure response that culminated in a complete tonic extension (GEPR-9). These responses were identified in the 3 previous screening tests carried out between 6 and 8 weeks of the rat's life. Single i.p. administration of haloperidol (0.2 and 1.0 mg/kg), clozapine (1 and 5 mg/kg), risperidone (0.03, 0.13, and 0.50 mg/kg), quetiapine (2 and 10 mg/kg), aripiprazole (0.2, 0.5, and 1.0 mg/kg), or olanzapine (0.13 and 0.66 mg/kg) induced no significant changes in seizure score severity in GEPR-9s, GEPR-3s and GEPR-0s (data not shown).
No significant effect on the latency time from audiogenic stimulus, onset to the initiation of wild running or clonus in GEPR-3s, and tonus in GEPR-9s after systemic administration of the above-reported APs was observed (data not shown). All control animals (SD rats or GEPRs vehicletreated) did not manifest significant changes in audiogenic seizures score following auditory stimulation, as previously described [50, 51] .
Effects of Daily Antipsychotic Treatment on Severity of Audiogenic Seizures
Oral administration of haloperidol (0.2 and 1.0 mg/kg/day), clozapine (1 and 5 mg/kg/day), risperidone (0.03, 0.13, and 0.50 mg/kg/day), quetiapine (2 and 10 mg/kg/day), aripiprazole (0.2, 0.5, and 1.0 mg/kg/day), and olanzapine (0.13 and 0.66 mg/kg/day) was carried out for 5 days, and each group of rats and its vehicle control group received auditory stimulus once after 5 days.
The oral subchronic treatment with APs for 5 days in SD rats did not induce the appearance of audiogenic seizures following auditory stimulation in comparison with the SD control group, as previously described (data not shown) [26, 51, 52] . In GEPR-0s, haloperidol, quetiapine, and aripiprazole did not induce any change compared with the control GEPR-0 group at all doses used, whereas clozapine, risperidone, and olanzapine were able to induce the appearance of clonic phase of the audiogenic seizures (score 2-3) at the highest doses used (Fig. 1a) .
In GEPR-3s, subchronic treatment with aripiprazole reduced the incidence of clonus at a dose of 1 mg/kg, while haloperidol, at all doses used, induced no significant changes in seizure severity. In contrast, all other drugs significantly increased seizure score at the highest doses with the appearance in some cases of tonic phase in GEPR-3 rats (Fig. 1b) . No significant changes in the incidence of audiogenic seizures after 5 days of treatment with APs were observed in GEPR-9s, with the exception of aripiprazole, which was able to reduce significantly the incidence and severity of seizures.
Effects of Chronic AP Treatment on Severity of Audiogenic Seizures
Chronic treatment in all groups and for every drug did not have any effect on rat weight (data not shown). In GEPR-0s, chronic administration of clozapine, risperidone, and olanzapine, at the highest doses, was able to induce the appearance of clonus after the first week of treatment, and significantly increased seizure score severity (p <0.05), reaching a peak between the sixth and seventh week of treatment (Fig. 2) . The effects of all low doses of antipsychotics are not reported as no marked changes in seizure score were observed. Chronic treatment with haloperidol was able to induce the appearance of clonus only on the last (week 7) week of treatment, whereas there were no significant changes on onset of audiogenic seizures with quetiapine and aripiprazole (Fig. 2) .
Repeated treatment with clozapine, risperidone, quetiapine, and olanzapine caused a significant (p<0.05) increase in audiogenic seizure severity after the first week in GEPR-3s (Fig. 3a-c) ; this was maintained at least up to 3 weeks after drug cessation. In particular, the highest doses of these APs induced a significant increase in seizure score severity (up to 5-7) in GEPR-3s between weeks 5 and 7 of treatment. Haloperidol, at a dose of 1 mg/kg, produced a significant worsening (p<0.05) of audiogenic seizure score, inducing the appearance of tonic phase (overall score 4-5) only between weeks 5 and 7 in GEPR-3s (Fig. 3a) . In contrast, chronic treatment with aripiprazole (0.5 and 1.0 mg/kg) produced a significant (p<0.05) reduction in seizure score severity; these effects were already evident in the second week of treatment and persisted for all 7 weeks of treatment and 1 further week Fig. 1 Effects of subchronic treatment with antipsychotic drugs on seizure severity in genetically epilepsy-prone rats (GEPRs). (a) Seizure score in GEPR-0s not displaying seizure in control conditions; (b) seizure score in GEPR-3s only displaying clonic phase in control conditions. Doses reported were the highest used in the study (haloperidol= 1 mg/kg; quetiapine=10 mg/kg; risperidone=0.5 mg/kg; aripiprazole=1 mg/kg; clozapine=5 mg/kg; olanzapine= 0.66 mg/kg). *Significantly (p<0.05) different from respective controls (analysis of variance). Data are means±SEM (n=8 for each experimental group) after drug cessation (Fig. 3d) . Aripiprazole significantly increased the latency time from stimulus onset to the initiation of wild running or clonus in GEPR-3s (data not shown).
No significant changes in the incidence of audiogenic seizures after chronic administration of APs were observed in GEPR-9 rats compared with the GEPR-9 control group. In GEPR-9 rats, only chronic treatment with aripiprazole (1 mg/kg/day) was able to protect against audiogenic seizures, reducing seizure score severity, and increasing the onset time of wild running or clonus starting from the second week of treatment and lasting up to the end of drug treatment. Therefore, aripiprazole shows clear anticonvulsant properties in this animal model (Fig. 4) . Chronic treatment with the same doses of APs produced no significant proconvulsant effects in SD rats.
Effects of the Withdrawal of APs on Audiogenic Seizure Susceptibility in GEPRs
In order to evaluate possible withdrawal effects, severity scores of audiogenic seizures in GEPRs were also determined for 5 weeks after the cessation of APs. The severity of audiogenic seizures returned to baseline levels during withdrawal of clozapine, risperidone, and olanzapine treatment in GEPR-0s after 3-5 weeks (Fig. 2) . In GEPR-3 rats, for all the drugs increasing seizure severity, audiogenic seizure score returned to baseline levels (score=3) after about 4 weeks (Fig. 3a) . The severity of seizure score returned to baseline after the first haloperidol withdrawal week in GEPR-0s (Fig. 2) , and after the third withdrawal week in GEPR-3s (Fig. 3a) . In GEPR-3 rats, withdrawal of quetiapine induced a return of severity score of audiogenic seizures to baseline after 2 weeks (Fig. 3a) .
In addition, aripiprazole withdrawal in both GEPR-3 and GEPR-9 groups induced a complete recovery of the seizure response after 1 week of withdrawal (Figs. 3d and 4) . Of note, 3 weeks after suspension, a rebound effect was observed with the appearance of tonus in some previously treated GEPR-3 rats (Fig. 3d) .
Effects of Acute, Subchronic, and Chronic Ketotifen Fumarate Treatment on Severity of Audiogenic Seizures in GEPR Groups
In order to evaluate the influence of H1 histamine antagonism on seizure severity and use it as a comparator for the APs used (see "Discussion"), single i.p. administration of ketotifen fumarate (3 mg/kg) was carried out. Acute administration and subchronic ketotifen fumarate treatment produced no significant changes in seizure severity scores in GEPR-9s, GEPR-3s, and GEPR-0s (data not shown). Oral chronic administration of ketotifen fumarate (3 mg/kg/day) was carried out for 7 weeks, and rats received auditory stimuli once every week, as described above for APs. Ketotifen fumarate produced a significant increase in seizure severity score in GEPR-3s after the third week of treatment, while no significant changes in the incidence of audiogenic seizures after ketotifen fumarate administration in GEPR-9s were observed. Such changes were of minor severity compared with those observed after clozapine and some atypical antipsychotics (Fig. 5a) . In GEPR-0 rats, chronic ketotifen fumarate treatment induced the appearance of clonic phase (score 3) at the week 5-6 of Fig. 2 Effects of chronic (7 weeks) antipsychotic treatment in genetically epilepsy-prone rats (GEPR)-0 s on seizure score. Note that 5 weeks after drug suspension, the black bar indicates treatment suspension. Risperidone, clozapine, and olanzapine significantly increased seizure score severity (p<0.05) after the first week of treatment, reaching a peak between weeks 6 and 7; after withdrawal, this significant increase lasted for 3, 4, and 5 weeks for olanzapine, clozapine, and risperidone, respectively. Haloperidol had significant (p<0.05) effects only during week 7 of treatment. Doses reported were the highest used in the study (haloperidol=1 mg/kg; risperidone=0.5 mg/kg; clozapine=5 mg/kg; olanzapine= 0.66 mg/kg). Data are means±SEM (n=8 for each experimental group) treatment. In addition, the effects of chronic ketotifen fumarate treatment on audiogenic seizures were determined for 5 weeks after drug withdrawal (Fig. 5b) . The severity of audiogenic seizures returned to control levels for both GEPR-0s and GEPR-3s after the first week.
Discussion
General Considerations on the Effect of APs on Seizures
It is generally accepted that APs can lower seizure threshold or provoke seizures [3, 8, 17] . Despite the fact that APs show efficacy in the treatment of psychosis, several differences exist in their mechanisms of action, which might differentially contribute to their effects on seizures. The present study aimed at modeling some clinical scenarios with treatment with APs: 1) rats belonging to a genetically prone epilepsy strain that have no manifest tonic and/or clonic seizure (first treatment group or GEPR-0s; people with a low seizure threshold but without previous clinical manifestation); 2) rats that have clonic seizures (second treatment group or GEPR-3s; epileptic patients); 3) rats that have manifest tonic-clonic seizures (third treatment group or GEPR-9s; epileptic patients); 4) rats that have no manifest tonic and/or clonic seizure and not belonging to genetically prone epilepsy strain currently taking their antipsychotic medication (SD control group; analogous to humans without a propensity for seizures). Our results demonstrate that chronic treatment with some atypical antipsychotics enhances seizure susceptibility in GEPRs and that such increased seizure susceptibility is longlasting after drug withdrawal, indicating that APs might induce plastic changes in brain that could facilitate hyperexcitability. In contrast, haloperidol, a typical AP, had only minimal proconvulsant effects, while aripiprazole showed a clear anticonvulsant action although, upon withdrawal, a rebound proconvulsant effect was noted.
More specifically, no proconvulsant effects were observed in SD rats (not seizure prone). Such a result might support the absence of effects on brain excitability in rats without seizure predisposition or at least not sufficient to increase seizure susceptibility. However, it must be considered that in our experimental protocol only reflex audiogenic seizures were tested and therefore the effect of APs treatment on other seizure types (spontaneous or induced) is not known. In GEPRs: 1) haloperidol, in general, did not significantly affect audiogenic seizure occurrence with increasing severity only at the end of chronic treatment (after 5-6 weeks of administration); 2) clozapine showed the most marked proconvulsant effects; 3) risperidone and olanzapine were both proconvulsant but less so than clozapine; 4) quetiapine showed only modest proconvulsant properties; 5) aripiprazole has anticonvulsant properties; 6) risperidone, in comparison with other APs, maintained its proconvulsant effects after withdrawal for some weeks, more than other compounds, whereas aripiprazole had a proconvulsant rebound effect.
Despite the action of APs on several neurotransmitter receptor subtypes, none of the drugs tested in this animal model showed acute effects on seizures. However, chronic administration of APs is known to alter the regional density of several neurotransmitter receptors in the central nervous system, including those for dopamine, serotonin, acetylcholine, histamine, and glutamate, that may contribute to the observed proconvulsant effects of some antipsychotics [42, 53, 54] . These changes, in particular upregulation of dopamine receptors, have been suggested as the basis for some of the adverse effects that occur with long-term antipsychotic therapy [55] . The effects of APs and their known affinities for several receptor subtypes are listed in Table 2 .
Indeed, the proconvulsant effects of clozapine, risperidone, quetiapine, and olanzapine could be explained, in part, via their interactions with serotonergic and/or dopaminergic receptor systems, even though other mechanisms also possessed by such drugs could account for the observed proconvulsant action. Several APs are reported to affect GABAergic neurotransmission; in particular, some of them, including clozapine, inhibit GABA response on the GABA A receptor-chloride channel complex. The inhibitory effect of some APs on GABA-induced chloride currents was ranked as follows: clozapine>zotepine>chlorpromazine>olanzapine>risperidone [71] . This rank is in agreement with our results; however, some of the APs used in our study were not previously evaluated. Finally, all tested APs block noradrenergic α2 receptors, which is also known to increase audiogenic seizure susceptibility [72] , and, most noticeably, clozapine, risperidone, and olanzapine, which are the most proconvulsant APs of this group, differ from the others by their ability to act as inverse agonist on 5-hydroxytryptamine (HT) 2c receptors, which has been previously suggested to play a role in epilepsy and particularly in audiogenic seizures [73, 74] .
The effects of each drug are considered below.
Haloperidol
Haloperidol, which possesses antagonist activity at D2 dopamine receptors, demonstrated a very modest proconvulsant activity in our model, and this might suggest that dopaminergic neurotransmission at D2 receptors is not involved in the proconvulsant effects observed in GEPR strain after chronic atypical antipsychotic treatment (also supported by the highest proconvulsant effects during clozapine treatment, which, among the APs used, is the one with the lowest affinity for D2 receptors). Furthermore, haloperidol binds with a low affinity to the adrenergic (α1 and α2) and histaminergic H1 receptors [75, 76] . We investigated the effects of haloperidol on audiogenic seizure in epileptic rats, demonstrating that this drug did not significantly increase seizure incidence and/or severity (Figs. 1b, 2, 3a) . Our data are in agreement with that observed in human therapy where haloperidol is one of the agents with the least seizure-induction activity among antipsychotics [8] .
Clozapine
Clozapine was the AP with the highest significant proconvulsant effect on GEPRs, and these effects persisted for 3-4 weeks during withdrawal in chronically treated rats, suggesting that its effects are long-lasting over its elimination [77] . Clozapine is a multireceptor acting AP; it has antagonistic activity on dopaminergic receptors, with a higher affinity at the D1 and D4 receptors than at the D2 receptors, also binding to the extra-striatal D3 receptors. Clozapine has also antagonistic activity at the 5-HT1A, 5-HT2A, 5-HT2C, and 5-HT3 receptors [75] . Our results are in agreement with previous reports indicating that clozapine is the atypical AP that more frequently is associated with seizures [17] , or involving seizures/lowered seizure threshold associated with its use [78, 79] . The incidence of audiogenic seizures was significantly increased by clozapine chronic treatment in all subgroups of GEPRs (Figs. 1a, b; 2; 3a, b). At odds are the 5-HT2 and/or 5-HT3 antagonistic properties of clozapine, which were indicated to be responsible for its inhibitory effects on audiogenic seizures in ethanol withdrawal syndrome (EWS) in rats [80] . The observed discrepancy between audiogenic seizures in GEPRs and those in EWS rats may be due to differences between the 2 strains and the likely different mechanisms involved in the pathogenesis of ethanol withdrawal-induced audiogenic seizures [81] [82] [83] .
Serotonergic transmission has been suggested to be involved in seizures in GEPRs; in particular, a previous study showed that the severity of audiogenic seizures was decreased in a dose-dependent fashion by fluoxetine, a selective serotonin reuptake inhibitor [84] .
Clozapine displays strong affinity for several dopamine receptor subtypes and it has been proposed that such changes have selectivity for mesolimbic dopamine receptors, which might account for its proconvulsant effects [41] . However, clozapine is an antagonist with a high affinity at α2-adrenoceptors [66, 85] ; this mechanism may also be responsible for proconvulsant effects on audiogenic seizures in GEPRs, as previously described for other compounds acting on α2-adrenoceptors [86] .
Risperidone
Risperidone has a high affinity for the 5-HT2A receptors, with a D2 receptor affinity similar to most typical APs. Compared with typical APs, it also binds with a lower affinity at the adrenergic (α1 and α2) and H1 histaminergic receptors [75, 76] . We found that risperidone increases the incidence and the severity of the audiogenic seizures (Figs. 1a, b; 2; 3a, c) . The latter data are partially in contrast with that observed in human therapy where risperidone is an agent with the lowest seizure induction activity among APs [8] . However, a previous clinical study indicated that risperidone overdose is able to induce seizures [87] .
Quetiapine and Ketotifen Fumarate
Quetiapine, another atypical AP, has similar receptor-binding properties to clozapine, but with relatively lower affinity for all receptors and nearly no affinity for muscarinic and 5-HT2c receptors, and a higher relative affinity for H1 and α1 adrenergic receptors [76] . Quetiapine also increased the severity of audiogenic seizures, but we observed that such effects disappeared within 2 weeks of withdrawal ( Figs. 1b; 3a; 5a, b) . This proconvulsant effect observed in GEPR strain was opposite to the anticonvulsant properties in EWS rats reported by Celikyurt et al. [20] .
Considering that the main difference between quetiapine and the other APs studied is represented by its strong relative anti-H1 activity and that H1 antagonists are known to be proconvulsant [88, 89] ; we evaluated the effects of ketotifen fumarate in order to establish whether a link between quetiapine effects and such a mechanism of action would be responsible to the observed lower proconvulsant effects compared with other APs. We found that ketotifen fumarate was also proconvulsant; therefore, we can conclude that other mechanisms are involved in the lower proconvulsant activity of quetiapine. Furthermore, the proconvulsant effect of ketotifen fumarate due to H1 receptor block also supports the idea that such a mechanism can contribute to the proconvulsant effects of all APs tested.
Aripiprazole
Aripiprazole was the only AP with anticonvulsant properties in this genetic model of audiogenic epilepsy ( Figs. 1b; 3d; 4) . Aripiprazole is a partial D2 agonist and an antagonist/partial agonist of 5-HT2 receptors [90] . Aripiprazole has only 0.1 % seizure-inducing potential, much lower than other APs [91, 92] . The effects of aripiprazole were observed at highest doses characterized by occupancy of >90 % of D2 receptors [90] . The effects of aripiprazole might be owing to its partial agonistic effects on D2 and 5-HT2c receptors.
Olanzapine
We have shown worsened audiogenic seizures during olanzapine chronic treatment, and such effects were observed for 3-4 weeks, even after withdrawal (Figs. 1a, b; 2; 3a,b). Olanzapine has a high binding ratio for 5-HT2A, D2, D4, and H1 receptors. Similarly to clozapine, olanzapine is an antagonist of dopamine (D1-D4) and 5-HT2A receptors [93] . As doses of olanzapine >2 mg/kg caused sedative effects in rats [43] , doses of 0.13 and 0.66 mg/kg of olanzapine were used in the present study. We observed that olanzapine enhances the severity of audiogenic seizures, and this effect may be explained by its serotonin 5-HT2, dopamine D2, and histamine H1 receptor antagonistic activity. Our results are in agreement with other previous reports in which olanzapine treatment was associated with seizures or lowered seizure threshold [9, 94, 95] . The difference observed in comparison with clozapine might be due to the dose used and higher doses might have similar effects to those observed during clozapine treatment.
Conclusions
In summary, these results confirm that APs might have potential in increasing the severity of audiogenic seizures but, more interestingly, that aripiprazole alone exerts anticonvulsant effects. The low incidence of seizures related to the use of aripiprazole in patients, together with our results, seems promising. However, further studies in other animal models of epilepsy are required to confirm this action.
APs showed proconvulsant effects only in seizure-prone animals and after 5 days or more of treatment. This might indicate that: 1) APs may need an already established predisposition toward hyperexcitability in order to promote seizures, even though it cannot be excluded that seizure thresholds for other seizures types might have been lowered and not observed; 2) acute treatment seems to have no effects and therefore it is very likely that most of our results might be due to plastic changes occurring during longer periods of treatment, which are, in any case, reversible when stopping treatment. In conclusion, the use of APs in patients, and particularly in patients with epilepsy, should be strictly monitored for the occurrence of seizures; however, attention should also be paid to the withdrawal of APs. Further studies will determine whether aripiprazole really has potential as an anticonvulsant drug and be clinically relevant for patients with epilepsy with psychiatric comorbidities such as psychosis and mood disorders.
